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ABSTRACT
Preparation of fatty acid methyl esters from forages comparing methanolic boron-trifl uoride (BF 3 ) to methanolic hydrochloric acid (HCl) as a catalyst in single-step direct transesterifi cation has not been reported. Our objective was to compare 1.09 M methanolic HCl to 1.03 M (7%) methanolic BF 3 as catalysts for direct transesterifi cation of fatty acids in freeze-dried forage samples. Thin-layer chromatographic analysis revealed complete conversion of total lipid extracts to fatty acid methyl esters using both catalysts. Additionally, gas-liquid chromatography analysis confi rmed similar (P = 0.95) total fatty acid concentrations for both catalysts. Regression analysis indicated that similar values for total concentration would be obtained (P < 0.0001; r 2 = 0.96; slope = 0.98 ± 0.03) between the two catalysts. Concentrations of most individual fatty acids were similar (P = 0.17-0.99) for both catalysts. Summed weight percentages of identifi ed fatty acids, as well as sum of unidentifi ed peaks, were not affected (P = 0.27) by catalyst (91.8 and 8.7% vs. 90.8 and 9.2% for HCl and BF 3 , respectively). We conclude that 1.09 M methanolic HCl is an appropriate substitute for 1.03 M methanolic BF 3 for preparation of fatty acid methyl esters from freeze-dried forage samples. This result is of interest because HCL is both less costly and less caustic than BF 3 .
solubility by frequent vortex mixing of the sample while maintaining reaction temperature (Rule, 1997; Whitney et al., 1999) . Kucuk et al. (2001) modifi ed the procedure of Whitney et al. (1999) by substituting BF 3 in CH 3 OH with methanolic HCl for direct transesterifi cation of lipids in feedstuff s; however, results comparing methanolic BF 3 to methanolic HCl as a catalyst in a single-step direct transesterifi cation of dried forages have not yet been reported. Thus, our objective was to compare 1.03 M methanolic BF 3 to 1.09 M methanolic HCl as catalyst for direct transesterifi cation of fatty acids in freeze-dried forage samples.
MATERIALS AND METHODS

Sample Collection
A diverse range of fatty acid levels in forages was accomplished by collecting several diff erent plant species in various stages of phenological development. Beginning in May and occurring every 3 wk until Oct. 2004, individual plant species were clipped 2.5 cm above the ground surface to attain 5.0 g of fresh tissue per species from a single enclosure (0.5 ha) located approximately 9 km northwest of Cheyenne, Wyoming. ). Clipped samples were immediately placed on dry ice, transported to the laboratory, and freeze-dried (Genesis Freeze Dryer, Virtis Co., Gardiner, NY). After freeze-drying, samples were ground in a Wiley Mill (Arthur H. Thomas Co., Philadelphia, PA) to pass a 1-mm screen and were then stored in plastic containers with Tefl on-lined caps at −20°C.
Total Lipid Extract for Qualitative Thin-Layer Chromatography
Freeze-dried samples (0.5 g) for each species were subjected to extraction with a mixture containing chloroform (CHCl 3 ), CH 3 OH, and H 2 O (1:2:0.8 v/v/v; Bligh and Dyer, 1959) in 29-by 123-mm screw-cap, borosilicate tubes with Tefl on-lined caps. Extraction mixture volumes were individually adjusted (15 mL for blue grama, dalmation toadfl ax, needle-and-thread, needleleaf sedge, and western wheatgrass or 30 mL for fringed sage and scarlet globemallow) due to diff erences in the absorptive nature of the samples. Samples were continuously mixed by agitating tubes with a Wrist Action Shaker (Burrell Corporation, Pittsburgh, PA) for 24 h. After extraction, 3.0 mL of CHCl 3 , 1.5 mL of H 2 O, and 1.5 mL of an aqueous solution containing 0.1 M HCl/2 M KCl were added to each tube and vortex-mixed for 15 s at a low speed, using a Fisher Vortex Genie 2 electronic mixer (Scientifi c Industries, Inc., Bohemia, NY). Tubes were then centrifuged (Beckman Model TJ-6 Centrifuge, Beckman Instruments Inc., Fullerton, CA) at 1300 × g for 3 min to separate phases, and the upper aqueous phase was siphoned and discarded. The lower CHCl 3 phase was transferred into a clean, hexane-rinsed 16-by 125-mm screwcap, borosilicate tube with a Tefl on-lined cap. Residue in the original tube was extracted twice with 2.0 mL of CHCl 3 , with each CHCl 3 extract combined with the fi rst extract. Tubes were then placed in a Meyer N-Evap Analytical Evaporator (Associates, Inc., South Berlin, MA), where CHCl 3 was evaporated under N 2 gas at 22°C. Lipid extracts within tubes were resuspended in 2.0 mL of CHCl 3 and split by transferring 1.0 mL into a clean hexane-rinsed 16-by 125-mm tube. The CHCl 3 in each tube containing 1.0 mL of the split extract residue was then evaporated under N 2 gas at 22°C. Transesterifi cation was performed by adding 4.0 mL of either 1.03 M methanolic BF 3 or 1.09 M methanolic HCl to each tube. Tubes were placed on a hot block at 80°C. Following 5 min of initial heating, tubes were individually vortex-mixed every 3 min for 1 h. Tubes were then allowed to cool for approximately 20 min. When tubes reached ambient temperature, 2.0 mL of H 2 O and 2.0 mL of hexane (HPLC grade, Sigma-Aldrich, St. Louis, MO) were added to each tube followed by vortex-mixing for 15 s. After centrifugation at 1300 × g for 3 min, the hexane phase was transferred to glass vials containing a 1-mm bed of anhydrous sodium sulfate and sealed to dry and store lipid extracts for later thin-layer chromatography analysis. Thin-layer chromatography was accomplished by individually loading 15 μL of each hexane phase with a microsyringe onto separate lanes of a thin layer chromatography plate (20 by 20 cm) coated with 250 μm Silica-gel G (Analtech, Newark, DE). The thin-layer chromatography plate was placed in a mobile phase mixture of petroleum ether, diethyl ether, and glacial acetic acid (85:15:1 v/v/v) for 1 h. The plate was developed under I 2 vapors and visually assessed for band formation. Purifi ed standards (SigmaAldrich, St. Louis, MO) of methyl-oleate, monoacylglycerols, diacylglycerols, and triacylglycerols were used for visual comparison of bands.
Direct Transesterifi cation of Dried Forages
To begin the direct transesterifi cation procedure, 1.0 mL of CHCl 3 containing 1.0 mg mL -1 of heneicosanoic acid was transferred into individual 29-by 123-mm screw-cap, borosilicate tubes and evaporated under N 2 gas at 22°C. Heneicosanoic acid, a 21-carbon saturated fatty acid, was used as an internal standard to quantify mass from peak areas for individual and total fatty acids. For calculation of total fatty acids, all peaks were assumed to be fatty acid methyl esters. Freeze-dried forage samples were individually weighed (0.5 g) into tubes containing the dried internal standard. Fatty acid methyl esters were prepared by adding 4.0 mL of 1.03 M methanolic BF 3 or 1.09 M methanolic HCl plus 4.0 mL CH 3 OH directly to tubes containing samples. Due to their absorptive nature, fringed sage and scarlet globe mallow required more reagent for saturation. For these samples, 8.0 mL of either 1.03 M methanolic BF 3 or 1.09 M methanolic HCl and 8.0 mL of CH 3 OH was used. Tubes were capped and placed in a water bath (Isotemp 220, Fisher Scientifi c, Pittsburgh, PA) at 80°C. After 5 min of initial heating, tubes were individually vortex-mixed every 3 min for 1 h and then allowed to cool. Sukhija and Palmquist (1988) suggested that transesterifi cation may remain incomplete if forage samples are not frequently vortex-mixed at slow speeds. Emphasis was placed on vortex-mixing individual tubes every 3 min to ensure complete extraction and transesterifi cation (Rule, 1997) . After tubes cooled to ambient temperature,
RESULTS AND DISCUSSION
For the qualitative thin-layer chromatography analysis, location of bands indicated that total lipid extracts from intact forage lipids had been completely converted to methyl esters using either 1.03 M methanolic BF 3 or 1.09 M methanolic HCl as catalyst for transesterifi cation (Fig.  1) . Although intensity of bands appear to diff er between treatments, direct comparisons of band intensities were not possible because concentrations of total lipids loaded were not equal across lanes. Nevertheless, these results indicate that either methanolic BF 3 or methanolic HCl can be used as catalyst for transesterifi cation of lipid extracts. The complete conversion of fatty acids in the intact plant lipids to fatty acid methyl esters was accomplished despite previous indications that certain classes of simple lipids are not soluble in methanolic HCl (Christie, 1993) ; however, extensive vortex-mixing while heating results in complete methylation of these simple lipids when methanolic HCl is used (Rule, 1997) .
For the quantitative GLC analyses comparing direct transesterifi cation of dried forges using the two catalysts, mean concentrations of total fatty acids (P = 0.95) and most individual fatty acids (P = 0.17 to 0.99) were similar for both catalysts (Table 1) . Concentrations of 14:0 and 22:0 tended to diff er (P ≤ 0.08), but weight percentages of these fatty acids did not diff er (P ≥ 0.12) between catalysts (Table 2) . Concentrations and weight percentages of 17:1 were less (P < 0.0001) for HCl compared with BF 3 . Except for 17:0 and 19:0, there was generally good agreement between catalysts for fatty acid concentrations (P < 0.0001; r 2 = 0.70-1.0) and weight percentages (P < 0.0001; r 2 = 0.59-1.0). Regression equations presented 4.0 mL of H 2 O and 4.0 mL of hexane were added, followed by vortex-mixing for 15 s. Tubes were centrifuged at 1300 × g for 3 min; the upper hexane phase was transferred to gas-liquid chromatography (GLC) auto-sampler vials containing a 1-mm bed of anhydrous sodium sulfate and crimp sealed. Fatty acid methyl esters were separated by GLC using an Agilent 6890 Gas Chromatograph (Agilent Technologies, Wilmington, DE) equipped with a fl ame ionization detector and a 30-m by 0.32-mm (i.d.) fused siloxane capillary column (BPX-70, 0.25 μm fi lm thickness, SGE, Inc. Austin, TX). Oven temperature was maintained at 110°C for 5 min and then increased to 200°C at 5°C min -1
. Injector and detector temperatures were 200°C and 225°C, respectively. Hydrogen was the carrier gas at a split ratio of 25:1 and a constant fl ow rate of 1.0 mL min -1
. Fatty acid methyl ester peaks were recorded and integrated using GC ChemStation software (Agilent Technologies, version A.09.03). Individual fatty acid methyl esters were identifi ed by comparing retention times with known fatty acid methyl ester standards (Nu-Chek Prep., Inc., Elysian, MN, and Matreya, Inc., Pleasant Gap, PA).
Statistical Analyses
Quantitative data were analyzed by ANOVA as a randomized block complete block design using the GLM procedure of SAS (SAS Institute, Cary, NY). The model included plant species and sampling date as blocks and catalyst (BF 3 and HCl) as the independent variable, with individual plant samples as experimental units. Least squared means are reported because blue grama was not present at the time of the fi rst sample collection (n = 82). The REG procedure of SAS was used to determine r 2 of correlation coeffi cients and relationships between fatty acid levels for the two catalysts. Each value for BF 3 was the dependent variable, whereas each value for HCl served as the independent variable. Figure 1 . Thin-layer chromatogram of methyl esters (ME) prepared from total lipid extract using transesterifi cation with 1.03 M methanolic boron-trifl uoride or 1.09 M methanolic HCl. Lanes 1 and 18 represent monoacylglycerol (MG), diacylglycerol (DG), and triacylglycerol (TG) from purifi ed standards. Lanes 2 and 17 represent a purifi ed ME standard (methyl oleate). Lanes 3, 5, 7, 9, 11, 13, and 15 represent 15 μL of fatty acid ME hexane extract prepared from 0.5 g of each blue grama, fringed sage, western wheatgrass, needle-and-thread, dalmation toadfl ax, needleleaf sedge, and scarlet globemallow using total lipid extract followed by direct transesterifi cation with 7% BF 3 in CH 3 OH. Lanes 4, 6, 8, 10, 12, 14, and 16 represent 15 μL of fatty acid ME prepared from 0.5 g of blue grama, fringed sage, western wheatgrass, needle-and-thread, dalmation toadfl ax, needleleaf sedge, and scarlet globemallow using total lipid extract followed by direct transesterifi cation with 1.09 M methanolic HCl. Lane 19 depicts the location of ME, TG, DG, and MG on each lane. Extracts were not prepared to contain the same concentrations of total lipids; hence; fatty acid methyl ester concentrations would not have been equal across lanes.
in Table 1 and 2 indicate that values for fatty acid levels would be reasonably comparable if HCl were used instead of BF 3 . Although results of regression analysis indicate that similar values for total concentration would be obtained (P < 0.0001; r 2 = 0.96) between the two catalysts, weight percentages of summed identifi ed fatty acids would not be as comparable (P < 0.0001; r 2 = 0.65). Reporting of fatty acid concentrations would be preferred because these data are quantitative, whereas data expressed on a weight percentage basis merely indicate relative abundance of individual fatty acids. In addition to costing substantially more per sample than HCl, BF 3 in the form of its coordination complex with CH 3 OH is a powerful Lewis acid and has serious drawbacks because of the formation of methoxy artifacts from unsaturated fatty acids when used in high concentrations with CH 3 OH (Christie, 1993) . Therefore, BF 3 may have caused partial isomerization of predominant fatty acids because the concentrations of unidentifi ed peaks with GLC retention times of 8.0, 13.9, and 31.9 min were greater (P ≤ 0.03) for BF 3 , whereas the concentrations of unidentifi ed peaks eluting at 10.6 and 14.8 min were greater (P ≤ 0.01) for HCl (Table 3) . Excluding the unidentifi ed peaks with GLC retention times of 20.1 and 26.8, which had essentially identical concentrations and r 2 = 1.0 and 0.90, regression analysis revealed that concentrations of unidentifi ed peaks eluting at 10.6 and 14.8 min would be more comparable than unidentifi ed peaks eluting at other time points. Thus, uniformity of fatty acid methyl ester transesterifi cation was likely better with HCl than BF 3 . This notion also was supported by Christie (1993) , who noted that all fatty acids are esterifi ed at approximately the same rate by methanolic HCl and that diff erential losses of specifi c fatty acids are unlikely during the esterifi cation step. Nevertheless, total concentration of unidentifi ed peaks did not diff er (P = 0.71) between catalysts. Additionally, total weight percentages of identifi ed fatty acid methyl esters and unidentifi ed peaks were not aff ected (P = 0.37) by catalyst. In addition to partial isomerization, the unidentifi ed peaks listed in Table 3 could be "unusual" fatty acids (Moire et al., 2004) synthesized with hydroxyl, epoxy, acetylenic, or carboxylic functional groups, as well as those with conjugated unsaturated bonds ( Jaworski and Cahoon, 2003) . Such unusual fatty acids can also be incorporated into triacylglycerols for storage (Moire et al., 2004) . For freshly harvested forages, detection of unusual fatty acids with shorter chain lengths would most likely be low due to β-oxidation of unusual fatty acids to maintain integrity of the lipid membrane (Millar et al., 1998) . Derivatives of peroxisomal β-oxidation can also have unusual conformity. For example, Moire et al. (2004) reported that peroxisomal β-oxidation of 18:3 resulted in intermediates 14:3, 12:2, 10:2, 8:1, and 6:0. Those authors also noted that peroxisomal β-oxidation of 18:1 resulted in 14:1, 12:0, 10:0, 8:0, and 6:0. Further investigation would be required to identify these unidentifi ed peaks in the forage lipids of the current study.
CONCLUSIONS
Fatty acid methyl esters can be prepared by one-step direct transesterifi cation of forage lipids using methanolic hydrochloric acid as eff ectively as with methanolic boron-trifl uoride as catalyst. The signifi cance of this fi nding is that methanolic hydrochloric acid is less hazardous to use, has a longer shelf life, and is less costly than methanolic boron-trifl uoride.
